Study of the genetics of speciation-and especially of the genetics of intrinsic postzygotic isolation-has enjoyed remarkable progress over the last 2 decades. Indeed progress has been so rapid that one might be tempted to ask if the genetics of postzygotic isolation is now wrapped up. Here we argue that the genetics of speciation is far from complete. In particular, we review 2 topics where recent work has revealed major surprises: 1) the role of meiotic drive in hybrid sterility and 2) the role of gene transposition in speciation. These surprises, and others like them, suggest that evolutionary biologists may understand less about the genetic basis of speciation than seemed likely a few years ago.
typically evolves long before postzygotic (Price and Bouvier 2002) . The second approach is the opposite of the first and features detailed analysis of a pair of species. One of the best examples involves the monkeyflowers, Mimulus lewisii and Mimulus cardinalis, which occur sympatrically in nature. In a painstaking study, Ramsey et al. (2003) partitioned the contributions of various forms of reproductive isolation (e.g., pollinator isolation, hybrid sterility) to total reproductive isolation between these species. They found that pollinator and habitat isolation accounted for the vast majority of reproductive isolation between these taxa. The third approach is theoretical. It is worth remembering that, as late as 1974, Lewontin (1974) could claim that evolutionary biology possessed no quantitative theory of speciation. This is certainly no longer true. Indeed, we have seen rapid progress on several theoretical fronts, including fitness landscape theory (Gavrilets 2004) , reinforcement (Liou and Price 1994; Kelly and Noor 1996; Kirkpatrick and Servedio 1999; Servedio 2000) , and the evolution of postzygotic isolation (Orr 1995; Turelli and Orr 2000; Orr and Turelli 2001; Turelli et al. 2001 ). This last topic has featured a large body of work on the Dobzhansky-Muller model, that is, the accumulation of hybrid incompatibilities between pairs (or more) of loci, an accumulation that can occur unopposed by-or even driven by-natural selection within allopatric populations.
The final approach involves experimental genetic studies. There seems little doubt that this approach has yielded the greatest progress in our understanding of speciation. Indeed, to the extent that there has been any fundamental reformulation of our view of the origin of species, it has been here. Progress has been both rapid and broad and has involved advances in our understanding of both extrinsic postzygotic isolation (e.g., analysis of phenotypes involved in ecological speciation in sticklebacks) and intrinsic postzygotic isolation (e.g., analysis of hybrid sterility and inviability in Drosophila). For most of the last 20 years, these types of genetic studies were performed at the classical genetic level. A large set of backcross, F2, and introgression analyses allowed mapping and counting of chromosome regions causing reproductive isolation and shed light on a number of genetic problems, including the basis of Haldane's rule, the large X-effect, faster-male evolution, the snowball effect, reinforcement, and the role of inversions in speciation (reviewed in Coyne and Orr 2004) . Recently, though, progress has pushed beyond the classical genetic level to the molecular level.
It is well known that the genetics of speciation has been in an awkward, if not embarrassing, position for several decades. In particular, the genetics of speciation has not resembled the genetics of anything else: speciation geneticists have not been able to point to the actual genes that cause reproductive isolation. Instead, we have largely continued to point to particular (and often large) regions of the genome that are, say, involved in Dobzhansky-Muller incompatibilities. The reason for this awkward situation is that genetic study of speciation requires genetic analysis where such a thing is nearly impossible-between reproductively isolated taxa. The key challenge facing the genetics of speciation has thus been clear: to bring the study of speciation together with the study of molecular evolution, a task that requires identifying the DNA sequences that cause reproductive isolation.
In what surely represents one of the most significant developments in speciation studies, this challenge has been met. This accomplishment has, to a considerable extent, taken advantage of whole genome sequences that were not available to earlier workers. Several genes that cause reproductive isolation have been identified and characterized. These genes are Xmrk-2, which causes inviability in backcross hybrids between the platyfish Xiphophorus maculatus and the swordtail Xiphophorus helleri (Wittbrodt et al. 1989) ; OdsH, which causes male sterility in backcross hybrids between the flies Drosophila simulans and Drosophila mauritiana (Ting et al. 1998; Wu and Ting 2004) ; Hmr, which causes inviability in F1 hybrids between the flies Drosophila melanogaster and D. simulans (Barbash et al. 2003 (Barbash et al. , 2004 ; Nup96, which causes inviability in F2-like hybrids between D. melanogaster and D. simulans (Presgraves et al. 2003) ; and Lhr, which causes inviability in F1 hybrids between the flies D. melanogaster and D. simulans (Brideau et al. 2006) . Although this list suffers several problems-most obviously, it is short and focuses entirely on intrinsic postzygotic isolationanalysis of the genes on this list has already revealed several striking patterns. First, the loci causing postzygotic isolation are ordinary genes; there is no evidence so far to support the early suggestion that novel genetic factors or processes, for example, the mass mobilization of transposable elements, play a part in speciation. Second, these genes have a variety of functions. Some are enzymes, some are transcription factors, whereas others are structural proteins; there is no support, then, for the idea that postzygotic isolation involves a special functional class of gene. Third, many of these genes are rapidly evolving. OdsH, for instance, has experienced 15 replacement substitutions in its homeodomain alone, a remarkable number for 2 species that separated only ;250 000 years ago. Similarly, Hmr is among the fastest evolving loci known in the genus Drosophila, and Nup96 has experienced many replacement substitutions between D. melanogaster and D. simulans. Finally, and most important, molecular population genetic analysis shows that this rapid evolution is driven by positive natural selection (Coyne and Orr 2004) . The genetics of speciation thus provides strong support for the traditional view that reproductive isolation evolves as an epiphenomenon of Darwinian adaptation, a result that has rightly received much attention.
The Awkward Question
This progress in the molecular genetics of speciation-and the remarkable strength of the above patterns-raises a possibility that has been largely ignored in the literature: Is the genetics of postzygotic isolation wrapped up? At one level, this question is absurd. We have, after all, isolated only a few genes causing hybrid sterility or inviability and many more remain to be identified (indeed several laboratories are hot on their trail). But there are always more genes to be found, whatever the phenotype of interest. The more serious question is whether the genetics of postzygotic isolation is wrapped up in the sense that all patterns of any intellectual significance-patterns like those listed above-have been discovered. Put differently, have we reached a point in the genetics of postzygotic isolation where nothing fundamental is at stake and the identification of additional ''speciation genes'' represents little more than a filling in the blanks of the Dobzhansky-Muller model? Research that proceeds by momentum alone is, of course, dismayingly common in the history of science (e.g., the extended practice of protein gel electrophoresis), and there seems no reason to think that speciation studies are exempt from the problem.
For the remainder of this paper, we review recent findings, some published and others not, that lead us to conclude that postzygotic isolation is not in fact wrapped up. To the contrary, a number of surprising findings suggest that evolutionary biologists may understand less about speciation by postzygotic isolation than believed a few short years ago. And there seems every reason to think that we are in for further surprises.
Recent unexpected findings in the genetics of speciation fall into 2 classes: 1) the role of meiotic drive in postzygotic isolation and 2) mechanisms other than Dobzhansky-Muller incompatibilities that cause postzygotic isolation. We discuss each in turn.
Does Meiotic Drive Cause Speciation?
Although never mainstream, the idea that genetic conflict might play a role in speciation has a long history (reviewed in Coyne and Orr 2004) . In its modern form, the idea dates to the theoretical work of Frank (1991) and Hurst and Pomiankowski (1991) on the role of meiotic drive in hybrid sterility. These authors considered a scenario in which 2 allopatric populations of a species evolve independently. In one population, a mutation that causes meiotic drive appears (say, on the X chromosome). Because this allele enjoys a segregation advantage, it will increase in frequency. But because the mutation causes the destruction of Y-bearing gametes-and thus the distortion of normal 50:50 sex ratios in the direction of an excess of daughters-there will be strong selection to suppress it. Following the fixation of a suppressor mutation, segregation and sex ratios return to normal within the population. In the other, allopatric, population, another meiotic drive mutation appears (say, on the Y chromosome). This mutation also distorts segregation and sex ratios, now causing an excess of sons. Following the above logic, this mutation will also increase in frequency but will ultimately be suppressed, restoring normal segregation and sex ratios within the population. But if the 2 populations meet, hybrids might well lack proper suppression and thus suffer meiotic drive. Indeed, drive would be expected whenever suppressor mutations are less than fully dominant. One can even imagine a scenario in which X-bearing sperm destroy Y-bearing sperm in hybrids, while Y-bearing sperm destroy X-bearing, rendering hybrids sterile (Frank 1991; Hurst and Pomiankowski 1991) . Although many variations on this idea are possible, all share the theme that an unmasking of normally suppressed meiotic drive in species hybrids might yield intrinsic postzygotic isolation. More recent forms of the meiotic drive theory emphasize the role of ''centromeric drive,'' that is, competition among homologous chromosomes to enter the egg, thereby avoiding the evolutionary dead end of the polar body Malik and Henikoff 2001; Henikoff and Malik 2002) . Although these theories focus on segregation distortion in the female germ line, they are similar in spirit to those of Frank (1991) and Hurst and Pomiankowski (1991) .
Although intuitively appealing, the idea that meiotic drive plays a part in reproductive isolation fell out of favor in the early 1990s. At that time, several experiments were performed that appeared to falsify, or at least to lessen the plausibility of, the idea (Johnson and Wu 1992; Coyne and Orr 1993) . These experiments showed that species hybrids that were partially sterile-thus allowing recovery of some gametes-suffered no discernible segregation or sex-ratio distortion. (The theory is difficult, if not impossible, to test when hybrids are completely sterile. The theory maintains that meiotic drive causes sterility but drive cannot be observed because of sterility.) In retrospect, it appears that these early experiments were unlucky in their choice of taxa and/ or hybrid genotype: many cases of normally masked meiotic drive have since been observed in species or population hybrids (see Coyne 2004) . Although these cases are concentrated in Drosophila, this almost certainly reflects the intense scrutiny of hybridizations in this genus.
In one of the most interesting cases, Montchamp-Moreau and colleagues (Mercot et al. 1995; Cazemajor et al. 1997; Montchamp-Moreau and Joly 1997) have shown that segregation distortion occurs in hybrids between certain populations of the fly D. simulans. Whereas individuals from within populations show normal segregation ratios, ''hybrids'' that result from crossing flies from Tunisia with those from either the Seychelles or New Caledonia suffer segregation distortion. Recent work (Montchamp-Moreau et al. 2006) has revealed that this meiotic drive involves 2 regions of the X chromosome and that both regions are required for expression of drive. Interestingly, one of these regions includes a small duplication of 6 genes of known identity; the other region has also been fine mapped to a small number of loci (Montchamp-Moreau et al. 2006) .
Although this work demonstrates that meiotic drive can be unmasked in population hybrids, the resulting segregation distortion is not associated with any known postzygotic isolation. However, Tao et al. (2001) showed that normally masked meiotic drive that arises in hybrids between D. simulans and D. mauritiana is associated with postzygotic isolation. In particular, they identified a small region of chromosome 3 from D. mauritiana that, when introgressed into a D. simulans genetic background, causes both hybrid male meiotic drive and hybrid male sterility. Given the fine resolution of their mapping (the putative gene involved, too much yin (tmy), has been located to less that 80 kb), it seems likely that the same locus causes both drive and sterility in hybrids, consistent with the theory described above.
Our laboratory has also characterized a case of meiotic drive associated with postzygotic isolation in Drosophila (Orr Orr et al. Speciation in Drosophila and Irving 2005) . Drosophila pseudoobscura includes 2 subspecies which split only ;200 000 years ago (Machado et al. 2002; Machado and Hey 2003) : the USA subspecies, found throughout western North America, and the Bogota subspecies, found in the highlands near Bogota, Colombia. Hybridization between these taxa results in postzygotic isolation. The cross of Bogota females to USA males yields sterile F1 males, whereas the reciprocal cross yields fertile F1 males; all F1 females are fertile (Orr and Irving 2001) . No other form of reproductive isolation separates these subspecies. Although F1 hybrid males with Bogota mothers have invariably been described as sterile, we recently discovered that they are in fact weakly fertile. More surprisingly, these weakly fertile hybrids produce all or nearly all daughters (Orr and Irving 2005) . This sex-ratio bias almost certainly reflects segregation distortion, not the inviability of sons. Because we know a great deal about the genetics of male sterility in Bogota-USA hybrids, we were able to ask if the genes that cause segregation distortion in hybrids map to the same chromosomal regions as the genes that cause sterility in hybrids. The answer is yes (Orr and Irving 2005) . Factors causing hybrid male sterility and segregation distortion map to the same 3 regions of the Bogota X chromosome (Figure 1) . Moreover, these chromosomal regions show the same pattern of epistasis for both phenotypes: F1-like levels of hybrid sterility and segregation distortion arise only when hybrid males carry all relevant regions from Bogota. These results are consistent with the hypothesis that the same genes cause both hybrid sterility and distortion.
In one of the X-linked regions implicated above, the genes causing hybrid sterility and segregation distortion are fortuitously tightly linked to a visible marker, sepia (se). In recent work, our laboratory has performed an introgression experiment to determine if the genes causing these 2 hybrid phenotypes can be separated genetically. Although this work remains in progress, the answer thus far is no. After 28 generations of introgression-14 of them with recombination-we have mapped hybrid sterility and segregation distortion to a tiny chromosomal region near se that includes a small number of predicted genes. Again, these findings are consistent with the idea that the same genes cause both hybrid segregation distortion and hybrid sterility.
It is worth emphasizing that, in the Bogota-USA hybridization, we are considering a very young pair of subspecies as well as the only form of reproductive isolation known to separate them. Furthermore, we are considering a small chromosomal region that is required for the expression of hybrid sterility; we are not, in other words, considering genes that evolved after the attainment of complete reproductive isolation. Although we cannot yet draw firm conclusions, it is growing difficult to escape the view that the same genes that cause Figure 1 . Mapping of chromosomal regions causing segregation distortion in hybrids between the Bogota and USA subspecies of Drosophila pseudoobscura. Recombinant X chromosomes among backcross males are shown on the y axis (region in black are from Bogota, whereas regions in white are from USA; ct, sd, y, and se correspond to mapped visible markers on the X chromosome); progeny sex ratio from these backcross males is shown on the x axis. Strong segregation distortion occurs only when hybrid males carry all relevant regions from the Bogota subspecies. meiotic drive can cause hybrid sterility and thus that meiotic drive may play a role in the earliest stages of speciation.
If further data support this surprising conclusion, these results, and others like them, may demand a considerable change in our traditional view of the role of natural selection in speciation. In particular, we may well be forced to conclude that genetic conflict, including meiotic drive, plays an important role in the evolution of postzygotic isolation, at least in its intrinsic form. (There is no reason, of course, to think that genetic conflict plays an important role in extrinsic postzygotic isolation.) Reproductive isolation may, then, sometimes reflect arms races within the genome, races that involve natural selection on selfish genetic elements-not Darwinian adaptation to the external environment. It is even conceivable that these 2 forms of natural selection (adaptation to the internal genomic environment vs. adaptation to the external ecological environment) might map neatly onto the 2 forms of postzygotic isolation (intrinsic vs. extrinsic isolation). In particular, we might conjecture that ''internal'' forms of natural selection often (though not always) drive the evolution of intrinsic postzygotic isolation, whereas ''external'' forms of natural selection often (though not always) drive the evolution of extrinsic postzygotic isolation. Although this idea remains wholly speculative, it seems to us both possible and plausible. In any case, this tentative view of postzygotic isolation obviously differs considerably from the one that has, until recently, guided speciation research.
The Universality of the DobzhanskyMuller Mechanism
The Dobzhansky-Muller model provides a simple explanation of the evolution of intrinsic postzygotic isolation (Dobzhansky 1937; Muller 1942; Orr 1995) . According to this model, hybrid sterility and inviability result from normal evolution within 2 allopatric populations. Each population evolves independently, accumulating genic substitutions under the action of natural selection and/or genetic drift. But if these populations come into contact and hybridize, we have no guarantee that mixtures of genes from them will function properly. Instead, some genes from one population might fail to function correctly with other genes from the other population. The result is (partial or complete) intrinsic sterility or inviability of hybrids.
The Dobzhansky-Muller model has played an important part in both theoretical and experimental studies of speciation. Indeed, it represents one of the most significant unifying ideas in the genetics of speciation. Although evolutionary geneticists have always appreciated that mechanisms other than Dobzhansky-Muller incompatibilities can cause postzygotic isolation-polyploidy in plants represents the most obvious alternative-a good consensus holds that hybrid sterility and inviability in animals almost always reflect betweenlocus incompatibilities in hybrids. To our surprise, recent work in our laboratory has shown that this consensus could be wrong.
Drosophila melanogaster and its sister species D. simulans split several million years ago. Not surprisingly, they are completely reproductively isolated; indeed all F1 hybrids are completely sterile or inviable (Sturtevant 1920) . Although the low fitness of D. melanogaster-D. simulans hybrids has blocked most genetic analyses of this hybridization, Muller and Pontecorvo (1940, 1942; Pontecorvo 1943) were able to sidestep the problem, at least partly. By crossing triploid females from D. melanogaster to heavily irradiated males from D. simulans, they were able to recover hybrids having backcross-like genotypes. Only one of these ''pseudo-backcross'' hybrids was fertile: a female carrying the small fourth chromosome from D. simulans and having all remaining major chromosomes from D. melanogaster. (The fourth or ''dot'' chromosome represents only ;1-2% of the genome and carries approximately 90 genes; under normal conditions the fourth does not recombine.) Muller and Pontecorvo showed that hybrid males that are homozygous for the ''4-sim'' chromosome in an otherwise D. melanogaster background are sterile-their sperm are immotile-whereas hybrid males that are heterozygous for one 4-sim chromosome and one D. melanogaster fourth chromosome are fertile. Deficiency mapping revealed that the genes causing this recessive hybrid male sterility reside within a small, minute deletion near the proximal end of the chromosome (Muller and Pontecorvo 1942) .
Given concerns that use of X-irradiation by Muller and Pontecorvo may have induced a (artifactual) male sterile on the D. simulans fourth chromosome, we set out to obtain a new 4-sim chromosome without use of X-rays. Employing a combination of weak viability and fertility rescue mutations, we introduced a new fourth chromosome from D. simulans into an otherwise D. melanogaster genetic background (Masly et al. 2006) . This new chromosome behaves exactly as did that of Muller and Pontecorvo. Phenotypically, the chromosome again causes male sterility when homozygous in D. melanogaster; cytologically, the spermatogenic lesion again involves sperm immotility (electron microscopy reveals that sperm flagella are normal ultrastructurally); genetically, hybrid sterility is again recessive and maps to the same small, minute deficiency as before. The 4-sim chromosome clearly causes true hybrid male sterility.
We performed additional deficiency mapping and complementation tests that ultimately revealed that 4-sim hybrid male sterility is caused by a single gene, JYAlpha (Masly et al. 2006) . JYAlpha encodes the catalytic subunit of a Na-K-ATPase, a protein that, among other things, maintains proper pH across cellular membranes. JYAlpha from Drosophila is similar to 1 of 4 isoforms of Na-K-ATPases from mammals-the so-called alpha4 isoform. Importantly, alpha4 plays a critical role in sperm function in mammals: it is necessary for sperm motility. By remobilizing a P element insertion in JYAlpha, we were able to obtain a null allele of JYAlpha in D. melanogaster. Homozygotes for this null allele are completely sterile, showing that, as in mammals, Na-K-ATPase function is essential for male fertility within species.
Although we assumed initially that JYAlpha from D. simulans was incompatible with a locus or loci from D. melanogaster-indeed we designed experiments to identify this partner gene-we soon discovered otherwise. In particular, we discovered that this gene is not involved in a traditional Dobzhansky-Muller incompatibility; instead, JYAlpha causes hybrid sterility by a different mechanism. A combination of genomic, genetic, and molecular analyses showed that JYAlpha has different chromosomal locations in D. melanogaster and D. simulans: whereas JYAlpha resides on the fourth chromosome of D. melanogaster, it resides on the third chromosome of D. simulans. JYAlpha appears to be single copy in both species (Masly et al. 2006) . The cause of hybrid sterility thus appears surprisingly simple. Homozygous 4-sim hybrid males lack a copy of JYAlpha from either species, and postzygotic isolation results from the absence of this essential fertility locus. Although we understand little about the mechanism of JYAlpha's transposition (except that it did not involve an RNA intermediate), we do understand something about its evolutionary history. Genomic and molecular data show that JYAlpha resides on the third chromosome in the entire D. simulans clade (including D. simulans, D. mauritiana, and D. sechellia); JYAlpha resides on the fourth chromosome in D. melanogaster and in the outgroup D. yakuba. It appears, therefore, that JYAlpha resided ancestrally on chromosome 4 and transposed to chromosome 3 before the split of D. simulans, D. mauritiana, and D. sechellia. Interestingly, we have also found that JYAlpha resides on the left arm of the X chromosome in D. pseudoobscura; JYAlpha has thus transposed to a new chromosome at least twice during the evolutionary history of the subgenus Sophophora (Figure 2) .
The significance of these findings is that they reveal that postzygotic isolation in animals sometimes involves mechanisms other than the traditional Dobzhansky-Muller one. Hybrid sterility here is due not to functional incompatibilities between two or more diverged loci but to gene movement between chromosomes. Because JYAlpha almost surely passed through a phase in the history of the simulans clade in which it was duplicated (present on both chromosomes 4 and 3) within the population, our results lend strong support to the prescient suggestion of Lynch and Force (2000) that gene duplication followed by ''divergent resolution'' can lead to postzygotic isolation. (Note that, formally, gene transposition can be interpreted within a 2-site Dobzhansky-Muller model; it differs biologically from this model, however, in that postzygotic isolation involves the physical movement of a gene, not a functional incompatibility between 2 diverged loci.)
The key question now is whether gene transposition is a common cause of intrinsic postzygotic isolation. The answer is that we do not know. All we can say with confidence is that of the 6 genes identified thus far that cause postzygotic isolation, one involves gene transposition. Transposition-based reproductive isolation could, however, be more common than it first appears, for one theoretical and one practical reason. The theoretical reason is that gene transposition, even if infrequent on the timescale of speciation, might still make an important contribution to reproductive isolation as F1, F2, or backcross hybrids need lack only one essential gene to be rendered sterile or inviable (this is what it means for a gene to be essential). The practical reason is that, if it were common, transposition-based reproductive isolation would not necessarily have been detected in genetic analyses performed to date. The reason is that gene transpositions that sterilize or kill certain F2 or backcross hybrids will behave formally like Dobzhansky-Muller incompatibilities in quantitative trait locus style experiments. Some combinations of chromosomal regions from the 2 species will be viable or fertile (as these combinations carry at least one copy of an essential gene), whereas other combinations of chromosomal regions from the 2 species will be inviable or sterile (as these combinations lack any copies of the essential gene). It is difficult, therefore, to distinguish Dobzhansky-Muller versus transposition mechanisms of postzygotic isolation when using genetic-not molecular or genomic-data alone.
Conclusions
Recent discoveries in the genetics of speciation suggest that the field-including the subfield of the genetics of postzygotic isolation-is far from complete. Five years ago, there was little reason to suspect that genetic conflict, including meiotic drive, played an important part in speciation. Nor was there substantial empirical reason to believe that mechanisms other than the traditional Dobzhansky-Muller one played a role in postzygotic isolation. Both scenarios now seem likely. Indeed, it now seems clear that intrinsic postzygotic isolation can have a variety of causes, ranging from Dobzhansky-Muller incompatibilities to gene transpositions to endosymbiont infections to polyploidy. Although perhaps not comforting, these recent surprises are, nonetheless, exciting. The genetics of speciation is a young enterprise-surely one of the youngest areas of evolutionary biology-and young scientific disciplines are, of course, the ones prone to surprise. Although we may understand less about the genetics of speciation than we believed several years ago, it is at least encouraging to realize that future work in the genetics of speciation may demand considerable changes in our views, not minor and inconsequential modifications.
